We investigate the effects of flavor dependence on the rare weak decays of B * c and B * s mesons to psuedoscalar and vector mesons in the final state. We use the Bauer-Stech-Wirbel model framework to calculate the flavor dependent effects of transverse quark momentum on the form factors and consequently, the branching ratios of Cabibbo-Kobayashi-Maskawa favored and suppressed modes by employing the factorization hypothesis. We find that the flavor dependent effects significantly enhance the form factors and, consequently, the branching ratios. Some of the decay channels in B * c and B * s have branching ratios O(10 −5 ) to O(10 −7 ), which are well within the reach of current experiments.
I. INTRODUCTION
Since the observation of B c meson by the CDF Collaboration at Fermilab [1, 2] , exceptional experimental progress has been made to measure its properties and decays [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, only two candidates of the B c (b,c) family, the ground state and its first excited state , have been observed so far [14] . The B c meson system is unique in the sense that it is the only known heavy meson consisting of two heavy quarks, (b,c), of different flavors. Moreover, bc-state can only decay weakly for its mass being below the BD threshold. The study of weak decays of doubly heavy mesons are not only important for understanding of the underlying heavy flavor dynamics at 1/m b , 1/m c and 1/Λ QCD scales, but also for testing the physics within and beyond the Standard Model (SM).
The vector, (J P = 1 − ), B * c meson is another crucial particle which is yet to be observed by the experiments. The complexity related to the observation of B form factors and decays of B c , J/ψ and Υ mesons, involving psuedoscalar (P ) and vector (V ) mesons in the final state, employing the factorization scheme [47, 48, 54] . In the present work, we extend our analysis to investigate the effects of flavor dependence on B * c (B * s ) → P (V ) form factors and decays using the modified Bauer-Stech-Wirbel (BSW) Model [55] [56] [57] framework. We also discuss and compare the QCD inspired flavor dependent effects on the form factor and decays of B * c and B * s mesons. We found that the branching ratios for B * c → P P/P V and B * 0 s → P P/P V decays are significantly enhanced to O(10 −5 ) ∼ O(10 −7 ), which are well within the reach of current experiments. In addition to this, we also report several bottom changing dominant decays with the branching ratios ranging from (10 −7 ) ∼ (10 −8 ), specifically for B * s , which has not been considered in other approaches [49] [50] [51] [52] . The structure of the paper is as follows: In section II, we present the theoretical framework, and in section III, we discuss the wave functions and form factors of the modified BSW model using the flavor dependent effects and QCD inspired effects on average transverse quark momenta ω. Numerical results and discussion for B * c and B * 0 s decays are presented in section IV. Finally, we summarize our conclusions in the last section.
II. THEORETICAL FRAMEWORK A. Effective Hamiltonian
In this work, we analyze the two-body weak nonleptonic decays of B * c and B * s mesons. The effective weak Hamiltonian [58] [59] [60] for bottom changing mode (∆b = 1) can be given as follows:
i. b → c decays
ii. b → u decays
where, q = u, c; q = d, s, V ij are the CKM matrix elements and G f is the Fermi coupling constant. c i represent the Wilson coefficients, and Q i are current-current operators. The explicit expressions for b → c decays are given below: 
where, α and β are color indices and q β q α V −A ≡q β γ µ 1−γ 5 q α represents the general form of V − A current. One can obtain the similar expressions for b → u transitions by replacing c quark by u quark in the above expressions. The effective Hamiltonian for bottom conserving ∆b = 0 and charm changing ∆C = 1 decays can be expressed as i. c → s decays
ii. c → d decays
such that, q = u; q = {d, s} and the current-current operators are,
The weak Hamiltonian in factorization approach express the hadronic matrix elements of current operators for nonleptonic decays via the product of meson transition matrix elements and their decay constants. The factorization assumption though not exact, but is considered to be more reliable in heavy meson decays owing to the larger energy transfers to the final states. The present work consists of the analysis of rare weak decays of B * c and B * s mesons employing the factorization hypothesis. The dominant modes in these decays proceed mainly through the tree level diagrams and thus, are expected to be least influenced by the penguin and nonfactorizable contributions. Therefore, we neglect the penguin and nonfactorizable contributions in our formalism. The QCD coefficients a i are generally expressed as
, at large N c limit ζ → 0 and N c is the number of color charges. We use [57, 60] a 1 = 1.12, a 2 = −0.26 and a 1 = 1.26, a 2 = −0.51 at bottom and charm scales, respectively.
In spectator quark model all the possible decay modes can be categorized in to three classes [57] [58] [59] [60] .
Class I: Contains the color-favored external W-emission diagram and the decay amplitude is proportional to coefficient a 1 , Class II: Determined by the color-suppressed internal W-emission diagram and the decay amplitude is proportional to the coefficient a 2 , Class III: Caused by the interference of both the color-favored and -suppressed W-emission processes and the decay amplitude is proportional to both the coefficients a 1 and a 2 .
B. Decay amplitudes
The decay rate formula for the two body nonleptonic B * c → P 1 P 2 decays in the rest frame of B * c meson is given by [61, 62] Γ B * c → P 1 P 2 ) = The wave function of the meson is given in the form of solution of the scalar relativistic harmonic oscillator [55] ,
N m is the normalization constant, m is the mass of meson, m q 1 and m q 2 denotes the mass of quark and anti-quark, respectively, and x = pz P , p T = p x , p y are the fraction of the longitudinal and transverse quark momentum of the non-spectator quark within the meson. P is the momentum of initial meson and ω is the dimensional quantity that represent the average transverse quark momentum, p 2 T . In BSW approach, meson wave function depends, apart from the constituent masses, upon only one parameter, i.e. ω, the transverse momentum of quark inside the meson. The form factors (at q 2 = 0) are determined by the wave function overlap via expressing current J µ in terms of creation and annihilation operators. The appropriate components of current operator in (13) are considered to express the form factors in terms of the space integrals (26) and (27) , respectively [55] [56] [57] . These space integrals depend upon the precise form of the wave functions, which in turn are flavor dependent. However, in the original BSW model calculations, the transverse quark momentum inside the meson has been fixed at ω = 0.40 GeV, same for both the initial and the final state mesons. The calculated values of the form factors at ω = 0.40 GeV are shown in Tables I and II . It is well known that the meson transition form factors are sensitive to the choice of parameter ω. Since, the wave functions for initial and final state mesons are different (in flavors), the overlap integrals and hence, the form factors are expected to be flavor dependent. In the following sub-sections, we will discuss the effects of flavor dependence on ω and consequently, on the form factors.
A. Flavor Dependent Effects on B * c and B * s decays
Previously, the flavor dependent effects on the parameter ω has been studied in detail for B c → P P, P V [47, 48] and J/Ψ, Υ → P P, P V decays [54] . In this section, we will extend our analysis to calculate the form factors of B * c and B * s with the flavor dependent effects. Based on the dimensionality arguments, the parameter ω can be related to the square of the ground state wave function at the origin for the corresponding meson by the following ansatz,
The |Ψ(0)| 2 can be extracted from the well known hyperfine splitting relation for the meson masses [65] .
where m i and m j are the quark masses, m V and m P are the masses of the vector and pseudoscalar mesons, respectively, and α s is the strong coupling constant. The scale or momentum (q 2 ) dependence of α s , near the asymptotic freedom, for high q 2 (at short distances) is well examined and precisely measured i.e., α s (M 2 Z ) = 0.1185 ± 0.0006 at mass scale M Z = 91.19 GeV [66] . However, the long-distance behavior of α s for (q 2 ≤ 1 GeV) i.e. infrared (IR) region is not yet well defined [67] . Thus, its very difficult to determine α s at u, d, and, s quark mass scale. The long distance understanding of strong coupling constant is of much importance for many QCD phenomena like hadron structure, quark confinement, hadronization processes etc [68] . In literature [67] [68] [69] [70] [71] , the values for α s (at u, d, s quark mass scale) varies from 0.5 ∼ 0.7 for q 2 < 1 GeV. However, we use
in the present calculation at different mass scales. These values have been calculated from the RunDec-Mathamatica package [72] and are consistent with the values used in literature.
To obtain the numerical values of the form factors, we use the following quark masses (in GeV),
We wish to point out that although the strong coupling constant has been fixed at α s = 0.60 for (u, d, s) lighter quarks, the SU(3) symmetry breaking has partially been taken care of by using different masses for u(d) and s quarks. The calculated values of |Ψ(0)| 2 and ω are given in the columns 2 and 3 of the Table III . Even though the size of π and K meson differs, the value of |Ψ(0)| 2 doesn't vary much since the variation could only be observed at fourth decimal place. It may be noted from (37) that the square of the meson wave function at the origin, |Ψ(0)| 2 , depends upon meson and constituent quark masses and strong coupling constant. Since, the QCD forces by very nature are flavor conserving and independent of flavor, the estimates of |Ψ(0)| 2 from hyperfine splitting has been successfully used to the study properties of hadrons [73] [74] [75] [76] [77] [78] [79] . In fact, the magnitude of |Ψ(0)| 2 for the bc system, in [77] , is evaluated via interpolation between cc and bb systems to parametrize |Ψ(0)| 2 as some power p of the reduced mass. The results obtained in [77, 79] match well for |Ψ(0)| 2 obtained in our case within 10 − 15%. Since, the experimental masses of mesons are very precisely measured, we expect that |Ψ(0)| 2 determined from (37) will be quite reliable. We fix the value ω(D) = 0.41 by using the well measured form factor F DK 0 = 0.75 ± 0.02 [66] . The variation of ω (as shown in column 3 of Table III) is justified based on dimensionality argument (36) , where we incorporate the flavor dependent effects through the size of the meson. It may be noted that the value of parameter ω increases with decreasing meson size. In order to understand the dependence of parameter ω from hyperfine splitting for bc states with strong coupling constant, we plot ω with α s (q 2 ) as shown in Fig.1 for B * c , B * s and J/ψ mesons. It is interesting to note that the parameter ω B * c seems to be almost independent of strong coupling constant.
Aforementioned, the numerical values of the various transition form factors depend upon the wave functions overlap between initial and final mesons. The meson wave function depends only on parameter ω, which in fact is flavor dependent. Therefore, we use the flavor dependent ω to determine the transition form factors. The obtained results are given in the Tables I and II for the flavor dependent case. To highlight the significance of flavor dependent effects, we plot the wave function overlaps for B enhanced for flavor dependent ω as compared to fixed ω = 0.40 GeV. Since, the form factors are evaluated from the space integrals of wave function overlaps of initial and final mesons, the numerical values of the corresponding form factors has increased significantly (as shown in Tables I and II) in comparison to flavor independent case.
B. QCD Inspired calculation of ω
In the heavy quark limit, the distribution amplitude of B * c meson shows a peak near x x 0 = m b /m Bc (as shown in Fig. 3) . Thus, the width of the peak decreases as the mass of heavy quark m Q becomes larger. The average transverse quark momentum (velocity) equals to that of the heavy meson such that the average x → 1, up to corrections of order
QCD with peak at as x → 1. Therefore, the net effect is that the transition matrix element is significant only in the region near x → 1. In the light of above discussion, looking at the typical inverse size of the system (Λ QCD ) under scrutiny, the average transverse quark momentum for a system of two heavy quarks, including bc, can be given by
where M is the mass of the heavy meson. It may be noted that in non-relativistic QCD approximations [80] , for quarkonium like states, a potential constructed from a one-gluon exchange is expected to be sufficient. Such states are considered as a non-relativistic system bound via a Coulomb potential, whose (inverse) size is of the m Q α s ∼ M Q |v|, since the non relativistic velocity of the quarks in this system |v| ∼ α s [81, 82] . However, the relativistic corrections of O(v 2 ) are ignored in such approximations, which could lead to uncertainties as large as 30% [83, 84] . Furthermore, for the system of heavy quarks, the coupling constant α s (m Q ) is usually small, which implies the length scale is comparable to the Compton wavelength ∼ 1/m Q , at such scales the strong interactions are perturbative. However, hadronization as a matter of course is non-perturbative, therefore, the calculation of the hadronic matrix elements is nontrivial due to the non-perturbative effects [80] [81] [82] . Besides the above arguments, using (40) we calculate ω Λ for various mesons as shown in column 4 of Table III and thereupon, we obtain the form factors for the QCD inspired case as given in the Tables I and II . Here again, we take α s for bc-system at bottom mass scale. Interestingly, with α s = 0.21 for B * c (B c ) system yield ω Λ = 1.33, which is substantially large when compared with flavor dependent case. It may be noted that the both flavor dependent and QCD inspired calculation points to the fact that ω could be reasonably large as compared to ω = 0.40 GeV for heavy mesons. We plot the distribution amplitude for B * c wave function for all the three cases of ω, as shown in Fig. 3 . The width of the wave function increases with increasing value of parameter ω with peak shift towards the lower x implying p 2 T ≈ Λ 2 QCD . Therefore, the flavor dependent effects in case of QCD inspired ω Λ and the fixed ω = 0.40 GeV can be treated as limiting cases for bc-system with average close to flavor dependent ω = 0.85 GeV.
IV. NUMERICAL RESULTS AND DISCUSSION
To obtain the numerical results, we have used the SU (3) pseudoscalar and vector nonets for light meson sectors with the following mixing scheme between singlet and octet states: For the pseudoscalar mesons,
and for the vector mesons,
. The decay constants used in the present work [66, [85] [86] [87] are given below (in GeV),
The radiative decay rate estimates the lifetime τ B * c ∼ 10 −17 sec [88, 89] . We employ the factorization scheme to calculate the branching ratios for the two body nonleptonic weak decays of B * c (B * s ) meson to P P and P V decay modes using the modified BSW model. Obtained results are given in Tables IV, V , VI, VII, VIII and IX. We wish to remark that we have given the values of branching ratios only O(10 −13 ) or larger. Furthermore, we have ignored the decays arising from the Class III transitions in B * c (B * s ) → P V decays as they involve contributions from nontrivial B * c (B * s ) → V form factors for being beyond the scope of present framework. We include the flavor dependent effects on average transverse quark momentum ω inside the meson which will affect the form factors as well as the branching ratios. For a reasonable comparison, we also perform the QCD inspired calculation for ω Λ as an alternate point of view. We also compared our results with other recent works [49] [50] [51] [52] . We observe the following: On the other hand, the color-suppressed modes have always presented a challenge in understanding due to expected nonfactorizable contributions, therefore, we present
using our previous results [47, 48] . These ratios between the dominant modes with pseudoscalar and vector meson final states would be helpful for the experimental searches.
ii. Interestingly, the CKM-suppressed mode (∆b = 0, ∆C = −1, ∆S = 0) also have the branching ratios O(10 It may be noted that we have ignored all the decays with branching ratios less than O(10 −13 ).
iii. The major difference between QCD inspired calculation and flavor dependent calculation is due to the average transverse quark momenta ω which effects the form factors as well as branching ratios. as shown in column 3 of Table VI . Since, the distribution amplitudes for the QCD inspired ω Λ are larger when compared to flavor dependent ω and the fixed ω = 0.40 GeV, the large overlap integrals results in enhanced form factors and therefore, branching ratios. Moreover, the branching ratios in case of QCD inspired results can be treated as an upper limit in the current analysis. 
using branching ratios from our previous work [47, 48] . It is worth mentioning that the results from previous work [47, 48] , in a similar framework, yields the following symmetry breaking ratios, which are in good agreement with the experimental results [66] . Similarly, we give following SU(3) and SU(4) symmetry breaking relations based on the present results,
ii. As expected, the QCD inspired branching ratios are enhanced by an order of magni , respectively. We observed that the flavor dependent branching ratios are enhanced by a factor of 3.6 and 1.3, respectively, for the above said decays.
vi. It is reasonable to test the factorization hypothesis for color-suppressed decays in B * s decay channels. Here, we give the following ratios,
which would be helpful for the future experimental observations. From the above ratios it is also clear that the branching ratios ofB * 0 s → P V decays are considerably higher than that ofB * 0 s → P P decays. Our analysis for SU(3) flavor symmetry in case of B * s decays yield B(B * 0
Here again, the numerical results in QCD inspired calculation are higher than the flavor dependent results due to the larger values of ω Λ .
We have also compared our results with the recent predictions from other works, which are listed in the Tables V, VII, and VIII. It is interesting to note that our results for QCD inspired case are of the same order as compared to J. Sun et al. [49] for their ω = α s m case. We wish to point out that the quark masses used by [49] → η c K * − ) = 1.4 × 10 −9 in LFQM [50] , are of the same order. Similar studies has also been done for the rare weak decays of B * s in the factorization approach [52] and the branching ratios in the present work are, in general, larger as compared to their results. It is worth pointing out that many of the results from decay channels under study, in different models, are well within the reach of current experiments and future experimental searches.
V. SUMMARY AND CONCLUSIONS
In the present work, we have calculated the branching ratios of rare weak decays of B * c and B * s mesons using the modified BSW model framework. The detailed analysis of B * c → P P, P V decays for both bottom conserving and bottom changing modes and B * s → P P, P V decays for bottom changing mode has been presented. We have included the flavor dependent effects on average transverse quark momenta inside the meson that affects the form factor and consequently, the branching ratios of these decays. In addition to the flavor dependence analysis, we have also performed a study based on the QCD inspired approximation of transverse quark momentum, ω Λ . We summarize our findings as follows: i. It is observed that the flavor dependent numerical values of ω have significantly enhanced the form factors and the branching ratios of B * c (B * s ) decays. The branching ratios of these decay channels are further enhanced for the QCD inspired form factors due to larger values of ω Λ .
ii. As expected, B * c → P V decays have larger branching ratios as compared to B * c → P P decays, therefore, they are the most probable candidates for experimental detection. The observation of the B * c meson is stalled, mainly, due to the difficulties in its production and partly, due to the high electromagnetic background of LHC. However, it is only a matter of time that this important particle will be observed by LHCb in near future. We hope that our results on rare weak decay channels could play crucial role in observation and studies of heavy flavor vector mesons. 
